Proper neuronal migration is critical for the formation of the six-layered neocortex in the mammalian brain. However, the precise control of neuronal migration is not well understood. Heterotrimeric guanine nucleotide binding proteins (G proteins), composed of Gα and Gβγ, transduce signals from G protein-coupled receptors to downstream effectors and play crucial roles in brain development. However, the functions of individual subunits of G proteins in prenatal brain development remain unclear. Here, we report that Gβ2 is expressed in the embryonic neocortex, with abundant expression in the intermediate zone, and is significantly upregulated in differentiated neurons. Perturbation of Gβ2 expression impairs the morphogenetic transformation of migrating neurons from multipolar to bipolar and subsequently delays neuronal migration. Moreover, Gβ2 acts as a scaffold protein to organize the MP1-MEK1-ERK1/2 complex and mediates the phosphorylation of ERK1/2. Importantly, expression of a constitutively active variant of MEK1 rescues the migration defects that are caused by the loss of Gβ2. In conclusion, our findings reveal that Gβ2 regulates proper neuronal migration during neocortex development by activating the ERK1/2 signaling pathway.
Introduction
Post-mitotic projection neurons derived from the proliferative ventricular zone (VZ) and subventricular zone (SVZ) migrate radially through the intermediate zone (IZ) to the cortical plate (CP) of the developing neocortex (Bystron et al. 2008; Rakic 2009 ). During neocortex development, the earliest born neurons that possess a long leading process attached to the pial surface leave the VZ and undergo somal translocation to establish the preplate (Nadarajah et al. 2001) . Later-born neurons split the preplate into the marginal zone and the subplate (Kriegstein and Noctor 2004) . As development proceeds and the cortex thickens, the migratory behavior of later-born neurons comprises 3 coordinated migration modes. The migrating neurons first undergo multipolar migration in a multipolar morphology with constant morphological rearrangement in the lower intermediate zone (loIZ) (Rakic et al. 1974; Tabata and Nakajima 2003; Kriegstein and Noctor 2004; LoTurco and Bai 2006) . After the neurons establish their polarities and transform to a bipolar morphology, they initiate glial-guided locomotion and radially migrate through the CP (Rakic 1972; Tabata and Nakajima 2003) . Finally, the neurons switch their migration mode into somal translocation to reach their final positions in the neocortex (Nadarajah et al. 2001; Nadarajah and Parnavelas 2002) .
Numerous molecules have been reported to participate in neuronal migration. Reelin regulates the cell surface molecule N-cadherin to affect the radial polarization of multipolar neurons (Jossin and Cooper 2011) and activates integrin α5β1 to affect the somal translocation (Sekine et al. 2011 (Sekine et al. , 2012 . Knockdown or inactivation of the expression of cytoskeletal proteins, such as Filamin A, Doublecortin (DCX), or Lis1, leads to obvious defects in the transition of neuronal morphology (Bai et al. 2003; Nagano et al. 2004; Tsai et al. 2005 ). In addition, Cdk5, a well-studied serine/threonine kinase, and its related proteins, including CRMP2, Mst3, RapGEF2, and p27, are involved in the regulation of actin and microtubule dynamics in the morphological transition process (Kawauchi et al. 2006; Ohshima et al. 2007; Ip et al. 2012; Tang et al. 2014; Ye et al. 2014) . Connexin 43, which is expressed in both radial glial cells and migrating neurons, promotes the multipolar-bipolar transition by regulating the expression of p27 (Liu et al. 2012) . For glial-guided neuronal locomotion, the Lis1-Ndel1-dynein complex regulates nucleokinesis by promoting nucleus-centrosome coupling in the migrating neurons (Shu et al. 2004 ). Impairment of neuronal migration leads to severe developmental defects and cortical malformations (LoTurco and Bai 2006; Ayala et al. 2007; Evsyukova et al. 2013 ), which in turn cause neuropsychiatric disorders such as mental retardation, schizophrenia, and autism (Gleeson and Walsh 2000; Valiente and Marín 2010; Wegiel et al. 2010) . However, the molecular mechanisms underlying this type of neuronal migration are not fully understood.
Heterotrimeric guanine nucleotide binding proteins (G proteins) are composed of Gα, β, and γ subunits. Upon stimulation of the G protein-coupled receptors (GPCRs), G proteins dissociate into a Gα subunit and a Gβγ dimer to transduce signals to the downstream effectors (Khan et al. 2013 ). There are 16 Gα, 5 Gβ, and 12 Gγ genes in the human and rodent genomes. Based on the characteristics of Gα signal transduction, G proteins are classified into 4 types: stimulatory G proteins (Gα s ), inhibitory G proteins (Gα i/o ), Gα q , and Gα 12/13 (Hewavitharana and Wedegaertner 2012) . It has been reported that Gα subunits are required for the proliferation of neural progenitors and for neuronal localization in the brain (Schaefer et al. 2001; Shinohara et al. 2004; Moers et al. 2008) . However, in contrast to the Gα subunits, the spatiotemporal expression and alternative assembly of Gβγ subunits during embryonic cortical development remains unclear.
Originally, Gβγ was known as a negative regulator of Gα activation. However, recent studies have reported that Gβγ plays important roles in the central nervous system. Inhibition of Gβγ as a functional dimer in the neocortex shifts the spindle orientation of progenitor cells and results in hyperdifferentiation of progenitors into neurons (Sanada and Tsai 2005) . In addition, Gβγ interacts with the 25 kDa synaptosome-associated protein (SNAP-25) to mediate presynaptic inhibition and neurotransmitter release in synapses in vitro Gerachshenko et al. 2005) . Gβs are classical members of the family of WD40 repeat proteins, which function as adapters or scaffolds without catalytic sites for signal transduction (Smith et al. 1999; Xu et al. 2014) . Ectopic expression of Gβ1 induces multiple, long neurites by regulating the assembly of dynein motor complex in cultured hippocampal neurons (Sachdev et al. 2007 ). Recent studies in mutant mice show that Gβ1 knockout mice exhibit severe defects in neural tube closure or microcephaly and die within 2 days after birth (Okae and Iwakura 2010) . Moreover, mice lacking Gβ5 show abnormal neuronal development in the cerebellum and hippocampus, with tiptoe-walking, motor learning, coordination deficiencies, and hyperactivity phenotypes (Zhang et al. 2011) . These data suggest that Gβs may play essential and specific roles in brain development. Hence, it is very important to investigate the roles of individual Gβs in brain development
In this study, we report that among the 5 Gβ subunits, Gβ2 is particularly highly expressed in the developing neocortex. Knockdown of Gβ2 by in utero electroporation disrupts the multipolar-bipolar transition and delays neuronal migration in the neocortex. Furthermore, we find that Gβ2, acting as a scaffold protein, directly interacts with MEK partner 1 (MP1) to organize the ERK1/2 complex and is essential for the phosphorylation of ERK1/2. Importantly, restoring ERK1/2 activity by expression of a constitutively active mitogen-activated kinase 1 (CA-MEK1) rescues neuronal migration and the multipolarbipolar transition defects of Gβ2-silenced neurons in a dosedependent manner. Collectively, our findings demonstrate that Gβ2-mediated modulation of ERK1/2 activity during neocortex development is required for neuronal migration.
Materials and Methods

Animals
All animal experiments were approved by the Institutional Animal Care and Use Committee of Northeast Normal University, China. Females of the C57BL/6 background were bred overnight with males. The noon after breeding was considered embryonic day 0.5 (E0.5), and the day of birth was considered postnatal day 0 (P0).
Plasmids
For RNAi experiments, Gβ2 small hairpin RNAs (shRNAs) were generated using BLOCK-iT™ RNAi Designer (Invitrogen) and inserted into the pSUPER vector or the PLL 3.7 vector. The targeting regions of 3 Gβ2 shRNAs were as follows: Gβ2 shRNA266, 5′-CACTGACCCAGATCACAGC-3′; Gβ2 shRNA632, 5′-GGGATGTT CGGGATTCCAT-3′; and Gβ2 shRNA730, 5′-GGATCAGATGACG CCACTT-3′. Scramble shRNA contained no homology to any known mammalian genes.
The Flag-Gβ2 plasmid was kindly provided by Dr Eek-hoon Jho (University of Seoul, Korea) (Jung et al. 2009 ). For rescue experiments, we generated the Flag-Gβ2 shRNA266-resistant vector (Flag-Gβ2 RES) using the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed its production through sequencing and immunoblotting. HA-ERK1, myc-ERK2, myc-MEK1, myc-MEK2, YFP-Gγ2, and HA-MP1 plasmids were purchased from Addgene.
Antibodies
Primary antibodies used in this study were rabbit anti-Gβ2 (Santa Cruz), mouse anti-class III β-tubulin (Tuj1, Abcam), mouse anti-Nestin (Abcam), chicken anti-GFP (Aves Lab), mouse anti-MAP2 (Sigma), rabbit anti-Ki67 (Abcam), rabbit anti-Pax6 (Covance), rabbit anti-Tbr2 (Abcam), mouse antiNeuN (Millipore), rabbit anti-active caspase-3 (Millipore), mouse anti-GM130 (BD), rabbit/mouse anti-ERK1/2 (Cell Signaling Technology), rabbit anti-pERK1/2 (Cell Signaling Technology), rat anti-BrdU (Abcam), mouse anti-Flag (Sigma), rabbit anti-HA (Abcam), mouse anti-α tubulin (Transgene), mouse anti-GAPDH (Transgene), rabbit anti-Sox9 (Millipore), and goat anti-DCX (Santa Cruz).
Real-Time PCR
mRNA was isolated from in vitro cultured progenitor cells, cultured neurons, and E15.5 and E16.5 mouse neocortex. The progenitor cells were isolated from the E13.5 neocortex and passaged for 4 generations in vitro. The cultured neurons were isolated from the E16.5 neocortex and cultured in vitro for 4 days. Total mRNA was isolated using TRIzol reagent (Life Technologies), and complementary DNA (cDNA) was synthesized using a cDNA synthesis kit (Transgene). Real-time PCR was performed with SYBR Premix EX Taq (Takara) using an ABI StepOnePlus Real-Time PCR System.
Immunoblotting
Fresh brain tissues were rinsed with phosphate buffered saline (PBS) and then homogenized in lysis buffer [50 mM Tris-HCL (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 1 µg/mL aprotinin, 1 µg/mL Leupeptin, 1 µg/mL pepstatin, 1 mM NaF, 1 mM Na 3 VO 4 , and a protease inhibitor cocktail]. The samples were separated by SDS-PAGE, transferred to PVDF membranes, and immunoblotted with diluted antibodies overnight at 4°C. After being washed 3 times in Tris-buffered saline with 0.1% Tween-20, the membranes were incubated with horseradish peroxidaseconjugated secondary antibody for 1 h at room temperature. The signals were detected using ECL Prime Western Blot Detection reagent (GE Healthcare). Protein lysates from cultured neurons and NLT cells (a normal gonadotropin-releasing hormone (GnRH) neuronal cell line transfected with the large T antigen) were extracted in lysis buffer, separated by SDS-PAGE, and incubated with primary antibodies as indicated.
In Utero Electroporation
In utero electroporation was performed as previously described (Kawauchi et al. 2003; Hu et al. 2014) . Timed pregnant females were anesthetized, and their uterine horns were exposed with a midline laparotomy incision. Embryos were removed and carefully placed on humidified gauze pads. Plasmid DNA plus Fast Green (Fluka) was injected into the lateral ventricle of the embryonic brain with a glass micropipette. shRNA plasmids (2 μg/μL) or expression constructs (2 μg/μL) were co-injected with EGFP expression plasmids containing the cytomegalovirus (CMV) early enhancer element and the chicken β-actin (CAG) promoter (0.5 μg/μL). For the rescue experiments, Gβ2 shRNA, Flag-Gβ2 RES, and EGFP were mixed in a 2:3:0.5 ratio, and Gβ2 shRNA, CA-MEK1, and EGFP were mixed in a 2:0.5:0.5 ratio (lower dosage) or a 2:3:0.5 ratio (higher dosage), and co-injected into mouse brains. For electroporation, 5 × 50 ms, 37 V square pulses separated by 950 ms intervals were delivered with forceps-type electrodes connected to an ECM 830 electroporator (BTX Harvard Apparatus). The uterine horns were then returned to the abdominal cavity, and the abdominal wall and skin were sutured using a surgical needle and thread. The whole procedure was completed within 40 min. The pregnant mouse was warmed in an incubator until it regained consciousness, and embryos were allowed to develop in utero until the indicated stage.
Cell Culture and Transfection
HEK293T cells and NLT cells were cultured in Dulbecco's modified Eagle's medium supplemented with fetal bovine serum (FBS). HEK293T cells were transfected with plasmids using PEI, and NLT cells were transfected with plasmids using an Amaxa electroporation protocol. Cortical neurons were cultured as previously described (Zhu et al. 2007; Yu et al. 2015) , and transfected using the Amaxa mouse neuron nucleofector kit (Amaxa Biosystems).
Time-Lapse Imaging
Time-lapse imaging in cortical slices was performed as previously described (Ju et al. 2014) . Briefly, embryonic brains electroporated at E15.5 were dissected out in cold artificial cerebrospinal fluid and sectioned with a Leica Vibratome VT1000. The cortical slices were transferred onto Millicell inserts (Millipore) in Neurobasal medium (Invitrogen) containing 2% B-27 supplement, 2 mM L-glutamine, and penicillin/streptomycin (50 U/50 μg/mL). The glass-bottomed dishes containing the inserts were then fitted into a temperaturecontrolled chamber on the microscope stage for observation at 37°C under a 5% CO 2 air atmosphere.
Immunostaining
Cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature, permeabilized with 0.2% Triton X-100 for 10 min and blocked in 2% bovine serum albumin (BSA) for 1 h in PBS. Subsequently, cells were incubated with primary antibodies overnight at 4°C. After being washed 5 times with 0.1% Tween-20 in PBS, cells were incubated with appropriate fluorochrome-conjugated secondary antibodies for 1 h and then washed 5 times. Coverslips were mounted onto glass slides with 75% glycerol. Images were captured using confocal microscopy.
For staining brain slices, the brains were fixed in 4% PFA overnight at 4°C, placed in 30% sucrose in PBS for 2 days, and frozen for sectioning using a Leica cryostat. Frozen sections were washed with PBS, and antigen retrieval was performed in 0.01 M sodium citrate buffer (pH 6.0) at 98°C for 5 min. Sections were then blocked with 2% BSA in 0.2% Triton X-100/PBS for 1 h, followed by immunostaining as above.
Immunoprecipitation
Immunoprecipitation was performed as previously described (Lai et al. 2015) . The cell lysates (1 mg protein) were incubated overnight at 4°C with the indicated antibodies (1-2 μg) in a final volume of 1 mL modified RIPA lysis buffer with protease inhibitors. After the addition of protein A-G-agarose beads, each reaction was incubated at 4°C for 3 h. The immunoprecipitate complexes were collected by centrifugation and washed 3 times with washing buffer (20 mM Tris-HCl, 10 mM NaCl, 1 mM EDTA, 0.5% NP40). The agarose beads were resuspended in 30 μL of ×2 loading buffer and boiled for 5 min to release the protein. The proteins were detected by immunoblotting.
Glutathione S-Transferase Pulldown
The expression vector containing the glutathione S-transferase (GST)-MP1 fusion protein was constructed by ligation into pGEX-5x-1. The GST-MP1 fusion protein was purified with glutathione-Sepharose™ 4B beads (GE Healthcare) in accordance with the manufacturer's protocol. Approximately 500 μg of cell lysate from HEK293T cells transfected with Flag-Gβ2 was incubated with 2-5 μg of GST-MP1 fusion protein in RIPA buffer at 4°C overnight. Glutathione-Sepharose™ 4B beads were used to capture the GST-MP1 fusion protein with the interacting proteins. The bound proteins were released by heat denaturing into protein loading buffer. Samples were then resolved by SDS-PAGE and evaluated by immunoblotting.
Imaging and Quantification
Immunostaining sections and cells were observed under an Olympus FV1000 View confocal microscope with FV1000-ASW 3.0 Viewer software or a Zeiss LSM 780 confocal microscope with ZEN 2012 software, and only the brightness, contrast, and color balance were optimized after imaging. The number of EGFP + cells in different regions of the neocortex, which were identified based on the density of DAPI staining, were counted using the ImageJ software. Multipolar cells were defined as cells with more than 3 projections. Statistical analysis was performed using SPSS 17.0 software and the unpaired 2-tailed Student t-test following the test of normality distribution (P > 0.05). The data are presented as the mean ± standard error of the mean (SEM). P values less than 0.05 were considered significant.
Results
Gβ2 is Expressed in the Developing Neocortex with Regional Specificity
The Gβ subfamily in mammals includes 5 highly homologous subunits: Gβ1, 2, 3, 4, and 5. To elucidate the roles of these Gβs in the developing mouse neocortex, we first investigated their relative mRNA expression levels in cultured neuronal progenitor cells (NPCs), cultured neurons, and the developing neocortex through real-time PCR analysis. We found that among these 5 subunits, GNB1 and GNB2 were the most highly expressed in the developing neocortex (Fig. 1A) . GNB1 was expressed at high levels in Nestin + NPCs (Fig. 1A' ), but at low levels in cultured neurons expressing Tuj1 (Fig. 1A, A" ), which is consistent with a previous report (Okae and Iwakura 2010) . Compared to GNB1, GNB2 showed lower expression in NPCs but higher expression in cultured neurons (Fig. 1A) . In addition, according to Western blotting, Gβ2 expression in the neocortex slightly increased from E13.5 to P7. Next, we performed immunostaining to examine the pattern of Gβ2 expression in the neocortex from E14.5 to E18.5. Gβ2 showed stronger positive staining in the CP at E14.5 and in the IZ from E14.5 to E18.5 (Fig. 1C) . The expression of Gβ2 was relatively weak in the VZ/SVZ at these stages. Furthermore, Gβ2 seldom colocalized with Nestin at the surface of the VZ/SVZ at E15.5, but strongly colocalized with Tuj1 in the IZ and the CP (Fig. 1D,E) . This spatiotemporal expression pattern suggests that Gβ2 might play important roles in post-mitotic neurons in the developing neocortex.
Gβ2 is Involved in the Migration of Neocortical Neurons In Vivo
To investigate the roles of Gβ2 in the developing neocortex, we generated 3 shRNAs (Gβ2 shRNA266, shRNA632 and shRNA730) targeting different sequences of mouse Gβ2 mRNA. Immunoblotting results showed that Gβ2 shRNA266 and Gβ2 shRNA632, but not Gβ2 shRNA730, efficiently reduced endogenous Gβ2 expression in transiently transfected NLT cells (Fig. 2A) . Therefore, Gβ2 shRNA266 and Gβ2 shRNA632 were chosen for the subsequent experiments. We first electroporated these two shRNAs into the E15.5 cortex, in which extensive neuronal migration occurs, and confirmed that the Gβ2 shRNAs down-regulated the expression of endogenous Gβ2 by 72 h after electroporation (Fig. 2B) . To explore whether Gβ2 was required for neuronal migration, we performed in utero electroporation at E15.5 and analyzed the distribution of EGFP + cells in the cortex at E18.5. Silencing of Gβ2 led to a slight increase in EGFP + cells in the VZ/SVZ, a major increase in EGFP + cells in the IZ, and a decrease in EGFP + cells in the CP (Fig. 2D,F) . The reduction in EGFP + cells in the CP was more obvious when we co-stained for EGFP and MAP2 (Fig. 2E,G) .
To confirm the specificity of the shRNA manipulation, in vivo rescue experiments were performed. We engineered a Flagtagged Gβ2 (Flag-Gβ2-RES) expression construct that is resistant to Gβ2 shRNA266 (Fig. 2C ). Co-expression of Flag-Gβ2-RES significantly ameliorated the Gβ2 shRNA266-induced retardation of neuronal migration (Fig. 2D,F) . To further verify the neuronal migration defects, we electroporated Gβ2 shRNA at E14.5 and E15.5 and then analyzed the brain sections at E18.5 and P0, respectively. Although more EGFP + cells migrated to the CP, abnormally accumulated EGFP + cells in the IZ and lower CP were still present ( Fig. 2H-K) . However, no obvious delayed cells were observed in the VZ/SVZ. These results suggested that the loss of Gβ2 might perturb the migration of neurons in the IZ. Neural stem/progenitor cells proliferate in the VZ/SVZ and divide asymmetrically to generate neurons. Any defects occurring during these processes may also lead to impaired neuronal migration. Therefore, we investigated whether Gβ2 regulates NPC proliferation and differentiation. We performed in utero electroporation at E14.5 and examined NPC proliferation at E15.5 by co-staining for EGFP and Ki67, Pax6, or Tbr2. The percentages of Ki67 CP. In addition, Gβ2 knockdown did not affect neuronal survival, as revealed by co-staining for EGFP and cleaved caspase3 (AC-caspase3) in E18.8 brain sections (see Supplementary Fig.  S1C ). Taken together, these data suggest that Gβ2 plays roles in neuronal migration, with minimal effects on NPC proliferation and differentiation, and neuronal survival as well.
Gβ2 Regulates the Multipolar-Bipolar Transition of Migrating Neurons in the Neocortex
During neuronal migration, post-mitotic projection neurons undergo a multipolar stage with constant cell morphological rearrangement in the lower part of the IZ (loIZ) until they define the leading process toward the pia and acquire the bipolar shape in the upper part of the IZ (upIZ) (Nadarajah et al. 2001; Kriegstein and Noctor 2004) . To explore whether Gβ2 knockdown would alter the multipolar-bipolar transition in the IZ, we analyzed the morphology of EGFP + neurons in the IZ.
Although the number of processes of the EGFP + cells in the loIZ did not differ significantly between the Gβ2 knockdown and control groups (see Supplementary Fig. S2A and B) , loss of Gβ2 significantly increased the proportion of multipolar neurons and decreased the proportion of bipolar neurons among total EGFP + cells in the upIZ (Fig. 3A,B) . Morphological analysis revealed that most of the EGFP + control neurons had a leading process pointing toward the pial surface, indicating that they were migrating post-mitotic neurons. However, the EGFP + Gβ2 knockdown neurons had multiple shorter processes and irregular morphology as well as poorly developed processes (Fig. 3A,B) . Furthermore, we stained the radial glia fibers with anti-Nestin antibody to indicate the direction of radial migrating neurons. The leading processes of the Gβ2 knockdown bipolar neurons in the upIZ displayed aberrant branches (as indicated by the asterisk in Fig. 3C ) and/or misoriented directions that deviated from the radial trajectory by more than 60°(as indicated by the arrow in Fig. 3C ). Moreover, the percentage of EGFP + cells with correct leading processes was significantly reduced (Fig. 3D ). These data indicated that the multipolar morphology or the abnormal leading processes of Gβ2 knockdown neurons could disrupt the tight connections between these neurons and the radial glial fibers, and consequently impaired neuronal migration.
To explore whether Gβ2 knockdown would lead to altered somal translocation in the CP, we analyzed the morphology of EGFP + neurons in the CP at 4 days after electroporation. figure. n.s. P > 0.5; *P < 0.05; **P < 0.01; ***P < 0.001. used in these experiments are indicated on the graphs. The data are shown as the mean ± the SEM. Student's t-test was used for statistical analysis for all data in this figure. n.s. P > 0.5; *P < 0.05; **P < 0.01; ***P < 0.001.
Knockdown of Gβ2 reduced the number of neurite branches compared to the control (see Supplementary Fig. S2C-F) . In addition, using in vitro cultured neurons, we found that knockdown of Gβ2 led to a decrease in total neurite length, whereas the neurite branch number and the length of the longest neurite showed no significant differences (see Supplementary Fig. S3 ). These data suggested that Gβ2 may also play a role in somal translocation during neuronal migration during neocortex development. The polarization of migrating neurons is necessary for their morphological transformation. We therefore stained for a Golgi marker, GM130, and analyzed the orientation of the Golgi apparatus in the loIZ neurons to illustrate the neuronal polarization. Orientation of the Golgi apparatus within 90°towards the CP was considered correct polarization. Although most of the EGFP + neurons in the loIZ were round with multiple short processes in both the scramble and Gβ2 knockdown groups, knockdown of Gβ2 led to fewer loIZ neurons with correct Golgi apparatus orientation, suggesting that Gβ2 affects the establishment of neuronal polarization (Fig. 3E,F) . Furthermore, using the wound-induced migration assay, we confirmed that loss of Gβ2 reduced the percentage of cells with Golgi polarization toward the wound edge (see Supplementary Fig. S4 ).
To visualize the migration process within the IZ, we performed time-lapse imaging using living cortical slices of E17.5 brains that were electroporated at E15.5. Live imaging further demonstrated that the majority of Gβ2 knockdown neurons lost an obvious leading process and replaced it with several processes in random directions (Fig. 3G,H) . Thus, the migration speed of Gβ2 knockdown neurons was significantly reduced (Scramble: 9.43 ± 0.64 μm/h; Gβ2 shRNA: 5.92 ± 0.99 μm/h) (Fig. 3G,I ). At this stage, the control neurons had completed their morphological transition within the first 3 h and had established a leading process pointing toward the CP (Fig. 3G-I ), whereas the Gβ2 knockdown neurons had failed. Collectively, these data support the hypothesis that Gβ2 is required for the polarization and morphological transition of migrating neurons.
Gβ2, Acting as a Scaffold Protein, Interacts with MP1 and is Important for ERK1/2 Phosphorylation
The extracellular signal-regulated kinase 1/2 (ERK1/2) is a wellknown canonical effector of Gβγ dimers. Previous studies have reported that Gβ affects the full activity of ERK1/2 in the cardiac system through direct interactions with ERK2 and MEK1 (Lorenz et al. 2009 ). However, the precise roles of specific Gβ subunits in ERK1/2 activation remain unclear. Gβ2 is a member of the WD40 repeat protein family without a catalytic site, so we first investigated the interaction of Gβ2 with MP1, a small scaffold protein belonging to the ERK1/2 signaling cascade (Schaeffer et al. 1998 ). Epitope-tagged versions of Gβ2 and MP1 were transiently coexpressed in HEK293T cells, and immunoprecipitation was performed using epitope-specific antibodies. As expected, Gβ2 and MP1 were detected in the same immunoprecipitate complex (Fig. 4A,B) . Furthermore, using a GST pulldown assay, we found that Gβ2 directly interacted with MP1 (Fig. 4C) . Subsequently, using immunoprecipitation we confirmed that Flag-Gβ2 interacted with ERK1 and ERK2 (see Supplementary Fig. S5A-D) , as well as their upstream kinases MEK1 and MEK2 (see Supplementary Fig. S5E and F) . Importantly, we found that endogenous Gβ2 co-immunoprecipitated with the ERK1/2 from mouse E16.5 cerebral cortex lysate (Fig. 4E) .
Although serum starvation and stimulation did not affect the efficiency of coimmunoprecipitation between Gβ2 and ERK1/2 (Fig. 4F,G) , knockdown of Gβ2 prevented the phosphorylation of ERK1/2 in response to serum stimulation both in cultured NLT cells (Fig. 4H,J) and in cultured neurons (Fig. 4I,J) . These data suggest that Gβ2 constitutively interacts with ERK1/2 and is important for ERK1/2 phosphorylation. In addition, ectopic expression of Gβ2 alone did not increase the phosphorylation of ERK1/2, but co-expression of Gβ2 and Gγ2 led to enhanced ERK1/2 phosphorylation upon serum stimulation (Fig. 4K-M) , which confirmed that Gβγ acts as a dimer to mediate ERK1/2 phosphorylation. Taken together, we propose a working model in Figure 4D , in which by interacting with MP1, Gβ2 acts as a scaffold to form a protein complex with MEK1/2, and ERK1/2 to mediate ERK1/2 phosphorylation.
Restoring the Activation of ERK1/2 Rescued the Defects of the Multipolar-Bipolar Transition Caused by Gβ2 Knockdown
In vitro studies using cultured neurons have shown that ERK1/2 activity is required for neuronal migration. HGF-induced migration of cortical neurons is abolished in the presence of the MEK inhibitor U0126 (Segarra et al. 2006 ). Conversely, up-regulation of Raf/ERK by over-expressing c-Raf stimulates the migration of cortical neurons (Yang et al. 2013) . To determine whether ERK1/2 activity is involved in the radial migration of neurons in vivo, we labeled newly generated cells with BrdU at E15.5 and then injected U0126 into the lateral ventricles at 3 h post-BrdU injection. At E18.5, we analyzed the distribution of BrdU + cells in the neocortex. We found that inhibition of ERK1/2 activity decreased the number of BrdU + cells in the CP but increased the number of BrdU + cells in the IZ (see Supplementary Fig. S6A , B, D and G). To strengthen these results, we electroporated E15.5 brains with kinase-deficient ERK1/2 mutants (ERK1-K71R and ERK2-K52R), which have been shown to function as competitive inhibitors of endogenous ERK1/2 activity (Hong et al. 2009 ). Inhibition of ERK1/2 activation by expression of ERK1-K71R and ERK2-K52R also led to an accumulation of EGFP + cells in the IZ and a reduction in EGFP + cells in the CP at E18.5 (see Supplementary   Fig. S6C , E, and H). Most importantly, the multipolar-bipolar transition defect was also observed in this electroporation experiment (see Supplementary Fig. S6F and I ). These data suggest that ERK1/2 activity is required for the neuronal multipolar-bipolar transition during radial migration in neocortex development. Given the roles of ERK1/2 in neurogenesis and cell fate determination (Samuels et al. 2008; Satoh et al. 2011; Li et al. 2014) , we therefore examined whether Gβ2 knockdown would alter cell fate determination. We next performed electroporation at E15.5 and co-stained for EGFP and either Sox9 (glioblast marker) or DCX (immature neuron marker) at E18.5. Quantitative analysis showed that the percentages of Sox9 cantly different between the Gβ2 knockdown and control groups (see Supplementary Fig. S7 ), suggesting that Gβ2 deficiency did not affect cell fate determination during cortical development.
To test whether restoration of ERK1/2 activity could rescue neuronal migration defects caused by Gβ2 knockdown, we coexpressed Gβ2 shRNA with a constitutively active mutant of MEK1 (CA-MEK1) (Pages et al. 1994) , which indeed promoted the phosphorylation of ERK1/2 in cultured cells (Fig. 5A) . Coexpression of CA-MEK1 partially rescued the migration defects caused by Gβ2 shRNA, as shown by the increased proportion of EGFP + cells in the CP and the decreased proportion of EGFP + cells in the VZ/SVZ and IZ compared to Gβ2 knockdown (Fig. 5B,C) .
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In addition, we observed that co-expression of CA-MEK1 also rescued the neuronal multipolar-bipolar transition defect in neurons with Gβ2 knockdown (Fig. 5D,E) . However, expression of CA-MEK at a higher dosage did not rescue the migration defect. Instead, we found that expressing CA-MEK at a higher dosage significantly increased the number of Sox9 + cells but decreased the number of DCX + cells among the total EGFP + cells (see Supplementary Fig. S7 ), which is consistent with a model in which the level of MEK/ERK activation regulates the number of glial and hyperactivation of MEK-ERK signaling is with 10% FBS for 15 min. Cell lysates were immunoblotted with antibodies as indicated (H). Cultured neurons were infected with lentivirus to knockdown Gβ2 expression and then treated as described above (I). The ratio of pERK1/2 to ERK1/2 signal (J). (K-M) Gβ2γ2 enhances ERK1/2 activation in a dose-dependent manner. Cells were transfected with Flag-Gβ2 alone (K) or together with YFP-Gγ2 (L) and treated as described for (H). Cell lysates were immunoblotted with antibodies as indicated.
The ratio of pERK1/2 to ERK1/2 signal (M). These results represent 3 independent tests. The data are shown as the mean ± the SEM. Student's t-test was used for statistical analysis for all data in this figure. n.s. P > 0.5; *P < 0.05; **P < 0.01; ***P < 0.001.
required for the cell fate determination of NPCs during brain development (Li et al. 2012 . Taken together, these findings demonstrate that reactivation of ERK1/2 rescues the deficiencies in neuronal migration and in the multipolar-bipolar transition that are caused by the loss of Gβ2.
Discussion
In this study, we demonstrate that Gβ2 is important for neuronal migration, especially in the multipolar-bipolar transition. Furthermore, we provide evidence that Gβ2, interacting with MP1, acts as a scaffold protein to mediate the phosphorylation of ERK1/2, and thereby regulating the migration of neurons. Although important roles of Gβγ have been reported in regulating the division and differentiation of NPCs during cerebral cortex development (Sanada and Tsai 2005) , little is known about how individual Gβ subunits regulate specific cellular activities. It has been reported that knockout of Gβ1 impairs NPC proliferation in the developing mouse cortex (Okae and Iwakura 2010) , whereas Gβ5 knockout is associated with multiple neurologic abnormalities in the developing hippocampus and cerebellum (Zhang et al. 2011) . In our study, we find that among the 5 Gβ subunits, Gβ2 shows the most abundant expression in the developing cortex. Loss of Gβ2 has no effect on NPC proliferation or differentiation, but impairs the neuronal morphological transition. This defect substantially reduces the speed of migrating neurons, which is important for their final positioning. Combining our results with previous reports, we hypothesize that the spatiotemporal expression pattern of Gβ2 may be the prerequisite for the preferential dimerization of Gβγ, which is necessary for the subsequent signal transduction. Therefore, individual Gβ subunits The data are shown as the mean ± the SEM. Student's t-test was used for statistical analysis for all data in this figure. n.s. P > 0.5; *P < 0.05; **P < 0.01; ***P < 0.001.
may play essential and specific roles in different stages of brain development. A previous study has described the interaction of Gβγ with the ERK1/2 complex (Lorenz et al. 2009 ), but the functions of specific Gβ subunits in ERK1/2 activation remain unclear. Gβ subunits are members of the WD40 repeat protein family, which are predicted to adopt a propeller structure to interact with a variety of effectors. Proper signal transduction depends both on the precise activation of enzymes and on the organization of enzymatic complexes by adapter and scaffold proteins (Meister et al. 2013) . Several scaffold proteins of ERK1/2 signaling, such as MORG1 and RACK1, belong to the WD40 repeat protein family and contribute to the regulation of signal transduction in response to specific upstream stimuli (Yu et al. 1998; Vomastek et al. 2004; Meister et al. 2013) . MP1 is a small scaffold protein that interacts with MEK1 and facilitates the binding of MEK1 to ERK1, thereby enhancing the activation of the ERK1/2 signaling cascade (Schaeffer et al. 1998) . In this study, we find that Gβ2 interacts with MP1 directly. Indeed, we also find a constitutive interaction between Gβ2 and ERK1/2 in cerebral cortex lysate as well as in both unstimulated (basal) and stimulated cells. These data suggest that Gβ2 physically associates with several components of the ERK1/2 pathway, including MP1, MEK, and ERK, and assembles them into a stable complex that is essential for the mitogen-activated protein kinase (MAPK) signaling pathway. Furthermore, the constitutive interaction between Gβ2 and ERK1/2 implies a critical role for Gβ2 in the organization and compartmentalization of the ERK1/2 signaling components, which are responsible for rapid and precise signal transduction. As ERK1/2 is an evolutionarily conserved kinase, its binding with multiple scaffold proteins will create docking sites for the ERK1/2 kinase complex that contribute to its specific localization and appropriate signal transduction. Therefore, our findings provide novel insights into how Gβ2 acts as a scaffold protein for the activation of the ERK1/2 pathway in the developing neocortex.
However, Gβs or Gγs alone do not stimulate ERK1/2 signaling (Crespo et al. 1994 ). Co-expression of Gβs together with an isoprenylation-deficient mutant Gγ, which dimerizes with the Gβ subunits but fails to associate with the plasma membrane, cannot increase the ERK2 phosphorylation (Crespo et al. 1994) . A Gβ mutant lacking the C-terminal two amino acids fails to bind with Gγ and cannot activate MAPK/ERK in HEK293T cells (Yamauchi et al. 1997) . We provide further support for previous results indicating that Gβ2 alone cannot induce ERK1/2 phosphorylation in vitro, although the cells with knockdown of Gβ2 fail to activate ERK1/2 in response to serum. Our findings indicate that Gβ2, as a central mediator of Gβ2γ2, is required for the phosphorylation of ERK1/2 signaling.
As a member of the MAPK cascade, ERK1/2 has been shown to participate in brain development. Previous reports have demonstrated that knockout of ERK2 in NPCs delays cell differentiation (Samuels et al. 2008) . Furthermore, deletion of ERK1 amplifies the impairment of neurogenesis in ERK2 deficient mice (Satoh et al. 2011) . By contrast, over-activation of ERK1/2 by CA-MEK1 or other stimuli in the developing cortex promotes gliogenesis but inhibits neurogenesis ). Brainderived neurotrophic factor (BDNF) induces bone morphogenetic protein 7 (BMP7) expression in embryonic neurons by activating ERK1/2 signaling, thereby affecting neuronal migration (Ortega and Alcántara 2009) . These studies suggest that the precise control of ERK1/2 activity is crucial for cortical development. However, the underlying mechanisms for controlling ERK1/2 activity such that these two consecutive but distinct processes during cortical development are differentially regulated remain unclear. In this study, we found that Gβ2 deficiency led to decreased ERK1/2 activity, and inhibited neuronal migration, but did not impair NPCs proliferation and differentiation. Among the 5 Gβ subunits, we found that postmitotic neurons had the highest levels of Gβ2, while NPCs had the highest expression levels of Gβ1. Moreover, Gβ1 deficient mice exhibits decreased ERK1/2 activity, and impaired NPCs proliferation and differentiation during embryonic brain development (Okae and Iwakura 2010) . Although we cannot completely rule out the function of Gβ1 on neuronal migration, the above data suggest that the regulation of ERK1/2 activity via different Gβ subunits might execute these two distinct cellular processes during brain development.
In summary, our findings show that Gβ2 plays an essential role in migrating neurons via the ERK1/2 pathway. These results provide a deeper understanding of the indispensable functions of individual Gβ subunits in neuronal migration and further support the notion that the G proteins act as center mediators of intracellular signal transmission and have important effects on neocortex development.
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